We have developed an enhanced molecular chaperone-based vaccine through rapid isolation of Hsp70 peptide complexes after the fusion of tumor and dendritic cells (Hsp70.PC-F). In this approach, the tumor antigens are introduced into the antigen processing machinery of dendritic cells through the cell fusion process and thus we can obtain antigenic tumor peptides or their intermediates that have been processed by dendritic cells. Our results show that Hsp70.PC-F has increased immunogenicity compared to preparations from tumor cells alone and therefore constitutes an improved formulation of chaperone protein-based tumor vaccine.
Introduction
The heat shock proteins 70 (Hsp70) family is intrinsic to cellular life, permitting proteins to perform essential enzymatic, signaling and structural functions within the tightly crowded milieu of the cell and working to avert the catastrophe of protein aggregation during stress [1, 2] . There are at least 12 members of the human Hsp70 family, including proteins expressed in the cytoplasm, endoplasmic reticulum and mitochondria [1, 3, 4] . For molecular chaperone function, Hsp70 family members are equipped with two major functional domains, including a carboxy-terminal region that binds peptides and denatured proteins and an N-terminal ATPase domain that controls the opening and closing of the peptide binding domain [3] . These two domains play important roles in the functions of Hsp70 in tumor immunity, mediating the acquisition of cellular antigens and their delivery to immune effector cells [5, 6] . Hsp70 expression becomes dysregulated in many types of cancer leading to elevated Hsp70 levels under non-stress conditions that protect emerging cancer cells from the apoptosis that accompanies many steps in transformation, but also create an opportunity for vaccine design [4, [7] [8] [9] .
The molecular chaperone-based tumor vaccine has been pioneered by Pramod Srivastava who has prepared autologous vaccines in mice and in human patients with the direct aim of targeting the unique antigens that characterize each individual neoplasm [10] [11] [12] [13] [14] . In this approach, Hsp70 peptide complexes (Hsp70.PC) are isolated from the patients' tumors by affinity chromatography using ATP-agarose and formulations of Hsp70 applied in a multidose regimen. The aim is for Hsp70.PC to facilitate antigen cross-presentation to the patient's T cells through host APC and for the unique mixture of peptides from the individual tumor to induce antitumor immunity. Despite immunologic and clinical responses obtained in a subset of patients with malignant tumors in the early phase I and/or II trials with molecular chaperone GP96.PC (vitespen) purified from patient-derived tumors [14] [15] [16] [17] , the randomized phase III trials, however, showed mixed results [18, 19] .
We have attempted to produce an enhanced molecular chaperone-based vaccine through rapid isolation of Hsp70 peptide complexes from fusions of tumor and dendritic cells (Hsp70.PC-F). In our animal studies, Hsp70.PC-F vaccines show superior immunological properties such as enhanced induction of CTL against tumor cells and stimulation of DC maturation over counterparts from tumor cells [20] . More importantly, immunization of mice with Hsp70.PC-F resulted in a T-cell-mediated immune response including significant increase of CD8 T cells and induction of effector and memory T cells able to break T cell unresponsiveness to a non-mutated tumor antigen and provide protection of mice against challenge with tumor cells. By contrast, the immune response to vaccination with Hsp70.PC derived from tumor cells alone is muted against such non-mutated tumor antigen. Hsp70.PC-F complexes differed from those derived from tumor cells in a number of key manners, most notably, enhanced association with immunologic peptides. In addition, the molecular chaperone Hsp90 was found to be associated with Hsp70.PC-F as indicated by co-immunoprecipitation, suggesting ability to carry an increased repertoire of antigenic peptides by the two chaperones. These experiments indicate that Hsp70.PC derived from DC-tumor fusion cells have increased their immunogenicity and therefore constitute an improved formulation of chaperone protein-based tumor vaccine.
The rationale for the extraction of Hsp70.PC from DC-tumor fusion cells is based on the observation that DC are the most potent antigen-presenting cells [21, 22] . The fusion of DC and tumor cells through chemical [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , physical [26, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] or biological [51, 52] means creates a heterokaryon which combines DC-derived costimulatory molecules, efficient antigen-processing and -presentation machinery, and an abundance of tumor-derived antigens. The DC and tumor cells become one hybrid cell sharing a unified cytoplasm. The integration of cytoplasm from DC and tumor cells renders the tumor antigens endogenous to the DC heterokaryon and, therefore, facilitates the entry of tumor antigens into the DC endogenous pathway of antigen-processing and -presentation machinery [29, 53, 54] . It is likely that the antigen-processing machinery from DC can sort or select the immunogenic peptides to be processed and presented and work much more efficiently than that from tumor cells, thus increasing the quality and quantity of the Hsp-associated complexes. 
Materials

Methods
Cell fusion between DC and tumor cells can be achieved through chemical, physical or biological means. In our laboratory, we use PEG to fuse DC and tumor cells. We have used the following protocol to prepare Hsp70.PC extracts from DC-tumor fusion cells.
(3-1) Generation of DC from human peripheral blood monocytes DC can be generated from human peripheral blood monocytes (PBMC) derived from patients or from healthy donors. We usually use Ficoll to separate PBMC and culture these cells in medium containing hGM-CSF. The protocol is based on a previously described method [55] [56] [57] with modifications:
Peripheral blood mononuclear cells (PBMC) obtained from patients or leucopacks
are transferred into 50ml centrifuge tube and sedimented at low speed.
2.
The serum on the top of tube is collected into a clear tube as serum for cell culture.
The blood cells at the bottom of the tube are re-suspended with RPMI 1640 medium without serum (1:2 dilution).
3.
The blood cells are gently laid on top of the tube containing a Ficoll density gradient.
4.
Tubes are centrifuged at 1,800 rpm for 20 min at room temperature.
5.
After Ficoll density gradient centrifugation, the cells in the interface layer are collected into another tube with RPMI 1640 and 2% serum.
6.
Cells are washed twice with serum-free medium and the numbers of cells are counted.
7.
Culture 1 × 10 6 cells /ml in RPMI 1640 containing 5% human serum, 2 mM Lglutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin for 1 hour in a humidified CO 2 incubator.
8. After 1 hour culture, gently wash and remove the non-adherent cells. The adherent fraction is cultured in RPMI/AIM-V (1:1) medium with 1% of human serum and 1000U/ml hGM-CSF and 500 U/ml hIL-4 for 5 days.
9.
On day 3 of culture, cell clusters appear. Fresh medium with 1000 U/ml of hGM-CSF is added if the color of medium becomes yellow.
10.
On day 5 of culture, the loosely adherent cell or cell clusters are collected by gently dislodging the cells by pipetting and then counted the cells (most cells are immature DC)
(3-2) Preparation of tumor cells
Tumor cells can be either freshly isolated from tumor samples or obtained from vials of frozen cell lines. The method described here is used to isolate and culture tumor cells from patient-derived breast or ovarian cancer sample under sterile condition.
(3-4) Extraction of Hsp70 peptide complexes (Hsp70.PC) from DC-tumor fusion cell products
1. DC-tumor fusion cells are collected and counted.
2.
Resuspend the cell pellets with lysis buffer (50mM Tris-HCl, pH 8.0, containing 50mM NaCl, 1% Nonidet P-40, 1mM PMSF) (1 ml lysis buffer for 2 × 10 7 cells) on ice for 30 min.
3. Centrifuge the cell lysate at 13,000 rpm for 15 minutes at 4°C.
4.
After centrifuge, collect the supernatant into a clear tube.
5.
Check protein concentration with standard procedure (Bio-Rad Bradford Protein Assay Kit):
i. Prepare dye reagent by diluting 1 part Dye Reagent Concentrate with 4 parts distilled, deionized water.
ii. Prepare three to five dilutions of a protein standard, which is representative of the protein solution to be tested.
iii. Pipette 100 µl of each standard and sample solutions into 5.0 ml of diluted dye reagent.
iv. Incubate the test samples at room temperature for at least 5 minutes. Absorbance will increase over time. Samples should be incubated at room temperature for no more than 15 minutes.
v. Measure absorbance at 595 nm. Calculate the protein concentration based on the standard curve.
6.
The lysates are clarified by centrifugation, and the aqueous phase is collected and incubated with mAb against human Hsp70 at concentration of 1:100, rotating through overnight at 4°C.
7.
For protein analysis, the immunoprecipitates are dissolved in Laemmli SDS sample buffer (0.1 Tris-Cl, 4% SDS, 20% glycerol, 0.05% bromphenol blue, 5% 2-ME) and analyzed by immunoblotting.
For Binding of the Immune Complex:
i. Mix Protein A Sepharose and Protein G Sepharose at a 1:1 ratio followed by wash with lysis buffer once.
ii. Spin down at 13,000 rpm for 1 minute at 4°C, discard the supernatant and resuspend the beads with 250 µl lysis buffer.
iii. Pipette 100 µl A/G mixture beads into sample tubes and incubate for 2 hours at 4°C.
iv. After incubation, spin down at 13,000 rpm for 1 minute at 4°C. Remove supernatant.
v. Wash beads with 0.5 ml of lysis buffer for 5 minutes (rotate at 4°C) followed by centrifugation at 13,000 rpm for 1 minute at 4°C.
vi. Wash beads with 0.5 ml of sterile PBS for 5 minutes (rotate at 4°C) followed by centrifugation at 13,000 rpm for 1 minute at 4°C.
8.
After extensive wash with lysis buffer, the immunoprecipitates are eluted with sterile high salt elution buffer.
i. Elute the proteins with (500 mM NaCl, 100 µl) at RT for 2 hour.
ii. Centrifuge at 13,000 rpm for 1 minute at 4°C.
iii. Collect the supernatant and measure the protein concentration by Bradford protein assay.
9. The Hsp70.PC preparations are checked by limulus amebocyte lysate assay to ensure minimal contamination with endotoxins, aliquoted into 1.5 ml eppendorf tubes and stored at −80°C.
4. Notes (4-1) Cell Fusion
The PEG solution is diluted by gradual addition and progressive mixing of 1, 2, 4, 8 and 16 ml warm serum-free medium. The cell pellets obtained after centrifugation at 1,350 rpm are resuspended in medium containing 10% heat-inactivated FCS and GM-CSF. The variable factor for cell fusion is the length of time the cells are exposed to PEG. We have found that there is some difference in the sensitivity of cells to PEG. It is desirable to perform a doseresponse test to evaluate the conditions of PEG fusion for each type of tumor cell and to determine the optimal exposure time. Unlike electrofusion, DC-tumor fusion by PEG is an active and evolving process, and it is thus likely that the larger the initial contact surface between cells, the faster the integration of these cells. Fusion efficiency is lowest immediately after the fusion process is initiated, and one-week culture results in more than a 10-fold increase in efficiency (Gong J., unpublished data). In addition, short-term culture will give the fusion cells sufficient time to integrate and display the antigen in the context of MHC molecules.
(4-2) Extraction of Hsp70 peptide complexes
For protein concentration measurement, Bradford dye reagent absorbance will increase over time. Samples should incubate at room temperature for at least 5 minutes, but no more than 15 minutes. After protein A/G sepharose binding with Hsp70 immunoglobulin, the beads should be gently mixed with lysis buffer to wash off non-specific interactions. However, the use of vortex should be avoided since it may break the binding of sepharose beads and immunoglobulins. Background caused by actin contamination can be avoided by adding 10 mM ATP to lysis buffer. All steps should be performed at 4°C to reduce proteolysis and denaturation of antigens. This is especially important for the binding step which is typically incubated overnight (or at least 2 hours) at 4°C. Flow chart for HSP70.PC purification
